Abstract. Accumulating evidence suggests that the dysregulation of long non-coding RNAs (lncRNAs) serves vital roles in the incidence and progression of lung cancer. However, the molecular mechanisms of LINC00968, a recently identified lncRNA, remain unknown. The objective of present study was to investigate the role of a prospective lncRNA-miRNA-mRNA network regulated by LINC00968 in non-small cell lung cancer cells. Following the transfection of lentiviruses carrying LINC00968 into A549 cells, the microRNA (miRNA) expression profile of the cells in response to the overexpression of LINC00968 was detected using an miRNA microarray. Five differentially expressed miRNAs (DEMs) with LINC00968 overexpression were obtained, including miR-9-3p, miR-22-5p, miR-668-3p, miR-3675-3p and miR-4536-3p. Five target prediction algorithms and three target validation algorithms were used to obtain 1,888 prospective target genes of the five DEMs. The result of Gene Ontology analysis suggested that these five DEMs were involved in complex cellular pathways, which included intracellular transport, organelle lumen and nucleotide binding. Furthermore, analysis of Kyoto Encyclopedia of Genes and Genomes pathways indicated that the five DEMs were important regulators in the adherens junction and focal adhesion. An lncRNA-miRNA-mRNA regulatory network and a protein-protein interaction network were then constructed. Eventually, a prospective lncRNA-miRNA-mRNA regulatory network of LINC00968, three miRNAs (miR-9, miR-22 and miR-4536) and two genes (polo-like kinase 1 and exportin-1) was obtained following validation in the Cancer Genome Atlas database. These results may provide novel insights to support future research into lncRNA in lung cancer.
Introduction
Lung cancer results in the death of ~1.59 million individuals worldwide each year, and is a leading cause of cancer mortality (1, 2) . According to the pathological diagnostic classification, non-small cell lung cancer (NSCLC) accounts for >85% of cases of lung cancer (3) . The molecular pathogenesis of NSCLC has received increasing attention in recent years (4) (5) (6) (7) . Thus, non-coding RNAs, which serve crucial functions in numerous biological processes have become of interest. Based on their size, sequence and function, non-coding RNAs can be classified into various subclasses, the two most notable of which are long-noncoding RNAs (lncRNAs) and microRNAs (miRNAs).
LncRNAs are parts of non-coding RNAs with >200 nucleotides and do not encode proteins (8) . Previous studies have indicated that lncRNAs may have an important involvement in cancer biology and cellular processes (9, 10) . LncRNAs may contribute to these processes via various mechanisms at the post-transcriptional level, for example, by serving as precursors to miRNA and regulating mRNA by interacting with miRNAs (11, 12) . Unlike lncRNAs, miRNAs are generally 18-25 nucleotides in length, and are small non-coding protein RNAs that are able to bind to the 3' untranslated region of target mRNAs and result in the degradation and translational downregulation of target mRNAs (13, 14) . In addition, miRNAs have the ability to regulate the coding and noncoding transcriptome.
It is worthy of note that lncRNAs and miRNAs serve pivotal roles in numerous similar processes, including cell proliferation, apoptosis and carcinogenesis. Due to the similarity of their functions, it may be hypothesized that an interaction between lncRNAs and miRNAs occurs during the tumorigenic process. For instance, the competing endogenous RNA (ceRNA)
Prospective lncRNA-miRNA-mRNA regulatory network of long non-coding RNA LINC00968 in non-small cell lung cancer A549 cells: A miRNA microarray and bioinformatics investigation hypothesis that lncRNAs serve as molecular sponges for miRNAs has been proposed (15, 16) . Thus, the discovery of lncRNA-miRNA-mRNA networks may lead to a more comprehensive understanding of the etiology and metastasis mechanism of cancer and to potential therapeutic targets, and such networks been studied for several types of cancer (17, 18) . In a previous study, the present authors identified 47 lncRNAs, including LINC00968, that were differentially expressed between normal lung tissues and tumor samples by bioinformatic analysis (19) . Furthermore, a significant downregulation of LINC00968 in lung adenocarcinoma (LUAD) tissues and A549 cells was discovered (data not shown). These experiments suggest that LINC00968 may serve important roles in lung cancer progression. In the present study, using miRNA profiling by microarray following the overexpression of LINC00968 in A549 cells, Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses of the differentially expressed miRNAs (DEMs) were performed. Furthermore, a prospective lncRNA-miRNA-mRNA regulatory network of LINC00968 was constructed. These results may assist in the exploration of the underlying regulatory mechanisms in the progression of lung cancer.
Materials and methods
Overexpression of LINC00968 in A549 cells. A549 cells were obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). Following culture in 6-well plates overnight, the cells (2x10 6 ) were transfected with a solution of lentiviruses in F-12 culture medium containing 10% serum (Gibco, Grand Island, NY, USA), 100 U/ml penicillin and 100 µg/ml streptomycin (Hyclone, Logan, UT, USA) for 24 h. The solution was then removed, fresh F-12 culture medium was added and the A549 cells were incubated for another 24-72 h. The conventional culture environment was 5% CO 2 air in a humidified incubator at 37˚C. Lentiviruses encoding LINC00968 were designed and synthesized by Shanghai GenePharma Co., Ltd. (Shanghai, China). An inverted fluorescence microscope was applied to examine the transfection efficiency (data not shown).
RNA isolation and miRNA microarray detection. The sample analysis and microarray hybridization were conducted by KangChen Bio-tech (Shanghai, China). Total RNA was isolated using TRIzol (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and purified using an RNeasy mini kit (Qiagen, Inc., Valencia, CA, USA) according to the manufacturer's protocol. The quality and quantity of DNA was monitored using a NanoDrop spectrophotometer (ND-2000; Thermo Fisher Scientific, Inc.) followed by gel electrophoresis to determine the integrity of the RNA. The miRNA was labeled using a miRCURY™ Hy3™/Hy5™ Power labeling kit and hybridized with the miRCURY™ LNA array (version 18.0) (both from Exiqon A/S, Vedbaek, Denmark). The slides were then scanned with the Axon GenePix 4000B microarray scanner and the scanned images were analyzed using GenePix Pro 6.0 software (both from Molecular Devices, LLC, Sunnyvale, CA, USA). DEMs were identified according to fold changes and P-value at the threshold set of |log 2 FC| >0.58 and P<0.05.
Target gene prediction of DEMs. In order to determine the potential association between mRNAs and miRNAs, the potential transcriptional targets of the DEMs were predicted using five miRNA target prediction algorithms: miRTarBase (http://mirtarbase.mbc.nctu.edu.tw/), miRDB (http://www. mirdb.org/), GeneCards (http://www.genecards. org), TargetScan (http://www.Targetscan.org/) and RNA22 (https://cm.Jefferson.edu/rna22/). Target genes that were commonly predicted by at least three of these algorithms were considered predicted target genes. Validated target genes verified by experiments were obtained from miRecords (http://c1.accurascience.com/miRecords/), miRTarBase and TarBase (http://diana.imis.athenainnovation.gr/DianaTools/ index.php?r =tarbase/index). Target genes from any one of these three algorithms were listed as validated target genes.
GO and KEGG pathway analysis. Functional enrichment analysis is essential to uncover biological functions of miRNA target genes. To gain an understanding of the biological functions of miRNA target genes, GO classification and KEGG pathway enrichment analysis were performed using the bioinformatics software DAVID 6.7 (https://david-ncifcrf.gov/). GO classifies genes according to three categories, biological process, molecular function and cellular component, and presents a common descriptive framework of gene annotation and classification for the analysis of gene-set data. In addition, the potential involvement in biological pathways of the DEMs were detected based on analysis using the KEGG pathway database, which is a credible and informative database that includes almost all biological signal pathways (20) . The false discovery rate (FDR) <0.05 was set as the cut-off for selecting significantly enriched KEGG pathways.
Construction of a network of lncRNA-miRNA-mRNA and protein-protein interaction (PPI).
Following the integration of the results of the predicted targets and validated targets, prospective targets of the DEMs were obtained. In order to demonstrate the association among lncRNAs, miRNAs and mRNAs, an lncRNA-miRNA-mRNA interaction network was created. The network was visualized using Cytoscape (version 3.4.0) (21) . The online tool STRING (http://string-db. org/) was then used to draw a PPI network of the prospective targets. The highest confidence of 0.9 was selected as the minimum required interaction score.
Extraction of gene and miRNA expression profiles from the Cancer Genome Atlas (TCGA).
A download of RNA-seq data and miRNA-seq data of lung cancer from the TCGA (https:// cancergenome.nih.gov/) data portal was conducted, in which the extracted expression data included LINC00968, DEMs and mRNAs associated with LINC00968.
Statistical analysis. Statistical analyses were performed with SPSS software version 22.0 (IBM Corp., Armonk, NY, USA). The mean ± standard deviation was used to present the experimental results. A two-tailed t-test was used to assess the differences between the different groups. The correlation among lncRNAs, miRNAs and mRNAs was analyzed by Pearson's correlation analysis. A statistically significant threshold was defined as P<0.05.
Results

miRNA profiling following the overexpression of LINC00968.
An experimental flow chart of the study is shown in Fig. 1 . To uncover the association between LINC00968 and miRNAs in lung cancer, microarray expression profiling of miRNAs in A549 cells transfected with LINC00968 was performed. In the microarray analysis, 166 miRNAs were detected, of which 75 were upregulated and 91 downregulated. Among these, five DEMs were identified, of which miR-3675 was highly expressed, and four miRNAs (miR-9, miR-22, miR-668 and miR-4536) exhibited low expression in A549 cells ( Table I ), suggesting that these DEMs were associated with LINC00968 in lung cancer cells. Additionally, the expression profile of the five DEMs is shown in a heatmap and volcano plot (Fig. 2) . The DEMs were then subjected to further analysis.
Collection of prospective target genes of DEMs via bioinformatic approaches.
Given that the biological significance of DEMs depends on their effect upon their targets, the predicted target genes of the five DEMs were identified. Using this approach, 552 predicted target genes were obtained three times in the five software programs. In addition, 1,609 validated target genes with experimental validation were collected from the miRTarBase, TarBase and miRecords databases. Lastly, 1,888 prospective target genes were identified by integrating the results of the predicted target genes and validated target genes (Fig. 3) .
GO classification and KEGG pathways of miRNA prospective target genes. The 1,888 prospective target genes of five DEMs were then subjected to GO analysis. Through GO annotation and enrichment analysis, the roles of gene products from biological process, cellular component and molecular function were identified (Table II) . The most significant term in biological process was intracellular transport (GO:0046907, P=9.75x10 -14 ), that in cellular component was organelle lumen (GO:0043233, P=3.96x10 -16 ) and that in molecular function was nucleotide binding (GO:0000166, P=2.76x10 -9 ). To better represent gene enrichment in the three major categories, a pathway schematic was constructed consisting of the top 30 enriched GO terms (Fig. 4) . In the KEGG analysis, four significantly enriched pathways (FDR <0.05) were obtained (Table III) , including adherens junction, focal adhesion, long-term potentiation and renal cell carcinoma, among which the two most significant pathways were adherens junction (P=3.13x10 -7 ) and focal adhesion (P=6.90x10 -7 ).
Regulatory network of lncRNA-miRNA-mRNA. To identify the potential links among LINC00968, DEMs and mRNAs, miRNA microarray and bioinformatic analyses were performed. Consequently, five DEMs were detected via the overexpression of LINC00968, which provided the five lncRNA-miRNA interactions. In addition, to obtain the prospective target genes, the results of predicted targets and validated targets were integrated, and the miRNA-mRNA interactions were subsequently obtained. By combining the lncRNA-miRNA and miRNA-mRNA interactions, an lncRNA-miRNA-mRNA network was constructed and visualized with Cytoscape (Fig. 5A) . The network revealed a preliminary connection between LINC00968, the five DEMs miR-9-3p, miR-22-5p, miR-668-3p, miR-3675-3p and miR-4536-3p, and 1,888 prospective target genes, which required further verification.
PPI network of 1,888 prospective target genes. To identify the association between target genes, a PPI network was generated using STRING that presented the strength of the links of different genes. In the PPI network analysis of the prospective targets, the top 30 genes among all hub genes were identified, on the basis of the connectivity between genes (Fig. 5B) . These top 30 genes may have tight connections to the lncRNA-miRNA-mRNA network. Furthermore, the number of links to each of the top 30 genes was calculated, of which UBA52 was the gene with the highest connectivity in the top 30 genes (Fig. 6) .
Validation of the correlation among LINC00968, DEMs and hub genes in the TCGA database. The correlation among LINC00968, DEMs and hub genes was evaluated by bivariate correlation analysis from the aforementioned lncRNA-miRNA-mRNA network in LUAD patients based upon TCGA data. Three DEMs were significantly correlated with LINC00968 in TCGA, and the results suggested that miR-9 and miR-22 were negatively correlated with LINC00968 and miR-4536 was positively correlated with LINC00968 in LUAD patients (Fig. 7A-a-f ). In addition, 18 hub genes of the top 30 genes were identified as being significantly correlated with LINC00968 in LUAD based upon TCGA (P<0.05). The correlation between the three miRNAs and the 18 hub genes was then analyzed (Table IV) . Polo-like kinase 1 (PLK1) and exportin-1 (XPO1) were found to be co-associated with miR-9, miR-22 and miR-4536 (Fig. 7A-g-l and B-a-f) . Furthermore, an lncRNA-miRNA-mRNA network of LINC00968 was validated in LUAD patients based on the TCGA dataset by combining correlations between LINC00968 and the co-associated genes (Fig. 7B-g-h) , which included the three miRNAs (miR-9, miR-22 and miR-4536) and two hub genes (PLK1 and XPO1). Finally, these data suggested that LINC00968 implemented its biofunction in LUAD patients by directly or indirectly targeting PLK1 and XPO1 (Fig. 8) .
Discussion
As described in a previous study by the present research team, 47 differentially expressed lncRNAs were discovered in tumor tissues and normal lung tissues based on gene expression files from five GEO datasets, one of which was LINC00968 (19) . In addition, the downregulation of LINC00968 expression was found in LUAD tissues and A549 cells, suggesting its potential tumor suppressor role in LUAD. Therefore, the biological mechanisms of LINC00968 in LUAD patients were explored by lncRNA-miRNA-mRNA network and bioinformatic analysis in the present study. To date, lncRNAs and miRNAs are known to function as key regulators in the biological processes of numerous cancers and may have good diagnostic and prognostic values for a variety of cancers, including lung cancer (22) . Moreover, accumulating evidence indicates that lncRNAs are capable of binding specific miRNAs and regulating their function. Table IV . Genes associated with the three differentially expressed miRNAs that have a significant association with LINC00968 in the 18 hub genes based on the TCGA database. For instance, the interaction data from the Starbase database and miRanda algorithm have been used to generate a global triple network based on the ceRNA theory that the lncRNA and mRNA shared the same miRNA (23) . Another study has shown that C032469 is able to regulate human telomerase reverse transcriptase expression by binding to miR-1207-5p in gastric cancer (24) . These studies provide an approach for understanding the connection between lncRNAs, miRNAs and mRNAs in the progression and development of lung cancer. Therefore, it was necessary to construct an lncRNAmiRNA-mRNA regulatory network of LINC00968 in the present study. The overexpression of LINC00968 in A549 cells induced a variation of the miRNA profile that was detected using an miRNA microarray. The results of the miRNA microarray analysis indicated that certain interactions exist between LINC00968 and five DEMs, namely miR-9-3p, miR-22-5p, miR-668-3p, miR-3675-3p and miR-4536-3p. Furthermore, by integrating predicted target genes and validated target genes of the five DEMs, 1,888 prospective target genes were obtained for further analysis.
GO analysis subsequently revealed that the five DEMs participated in a variety of biological processes potentially important to lung cancer progression, in the categories of biological process, cellular component and molecular function. Intracellular transport, organelle lumen and nucleotide binding were selected as representatives of the three major categories, respectively. Intracellular transport is of critical importance for a variety of life functions and is tightly associated with certain serious diseases, such as myocardial and neurodegenerative diseases and renal cancer (25) (26) (27) . Studies have indicated that intracellular transport not only regulates lung cancer cell growth (28) but also regulates the intracellular levels of anticancer drugs (29) . Organelles mainly include mitochondria, endoplasmic reticulum, centrosome and ribosomes, which maintain the normal structure and functions of cells. Results of previous studies suggest that mitochondria and ribosome act as key regulators in A549 lung cancer cells (30, 31) . With regard to nucleotide binding, lncRNAs and miRNAs may bind to specific molecules: the lncRNA HOX transcript antisense intergenic RNA has been indicated to regulate the cell biological function of NSCLC through binding to hypoxia-inducible factor-1α (32) , and miR-486-5p may downregulate cyclin-dependent kinase 4 expression to inhibit the development of NSCLC (33) . These results indicate that nucleotide binding may serve vital roles in the progression of lung cancer.
KEGG pathway analysis determined that these five DEMs participate in adherens junction and focal adhesion as these were the two most significantly enriched pathways. Adherens junctions maintain cell-cell adhesion and ensure the normal transmission of cellular signals. β-catenin and E-cadherin as core structural components of adherens junctions participate in the regulation of lung cancer (34, 35) . Focal adhesions, highly regulated multi-protein complexes, are critical in the regulation of a number of pathological processes, such as the progression of lung cancer (36, 37) . Under normal circumstances, adherens junction and focal adhesion are necessary for the maintenance of homeostasis (38) (39) (40) . Therefore, their dysregulation in cancer cells may be closely associated with the development and progression of lung cancer.
The results of the GO and KEGG analyses suggested that LINC00968 may function as a regulator in lung cancer. Thus, an original network of LINC00968, 5 DEMs and 1,888 target genes was constructed. In addition, a PPI network of the 1,888 target genes was generated. Based on the connectivity of genes in the PPI network, the top 30 hub genes were obtained. Additionally, by correlation analysis of 18 of the top 30 hub genes with miR-9, miR-22 and miR-4536 in TCGA, two genes, namely PLK1 and XPO1, were found to be co-associated with miR-9, miR-22 and miR-4536. Thus, the three miRNAs and the two genes were chosen for continued investigation via in-depth studies, and an lncRNA-miRNA-mRNA network of LINC00968 validated in TCGA was constructed.
The three independent miRNAs miR-9-1, miR-9-2 and miR-9-3 are transcription products of miR-9 involved in tumor growth (41) . miR-9 has shown the ability to enhance the effect of anticancer drugs in NSCLC (42) and acts as an important regulator in the evolution and progression of NSCLC (43) .
Similarly, studies have shown that miR-22 not only acts as a novel biomarker for NSCLC (44) , but also inhibits tumor growth and metastasis in lung cancer (45) . Unfortunately, the regulatory mechanism of miR-4536 in lung cancer has not been reported; however, the common downstream target genes PLK1 and XPO1 of these three miRNAs serve important roles in carcinogenesis.
PLK1 regulates the development of numerous cancers by participating in the mitotic process. Previous evidence suggests that tumor progression is inhibited by the targeting of PLK1 (46, 47) . In addition, XPO1 is a nuclear exporter that mediates the nuclear export of multiple tumor suppressors (48). Kim et al (49) discovered that the inhibition of XPO1 was a promising therapeutic strategy for a cohort of patients with lung cancer.
These studies suggest that the three miRNAs and the two genes exert important influences on the regulation of lung cancer. Therefore, the network comprising LINC00968, the three miRNAs (miR-9, miR-22 and miR-4536) and the two hub genes (PLK1 and XPO1) validated in the TCGA database may be a potential regulatory mechanism with vital roles in the progression and prognosis of lung cancer. However, LINC00968 is a novel lncRNA that has not been reported previously, the precise functions of which will be the subject of subsequent studies by the present research team. The regulatory mechanisms of LINC00968 will also be analyzed.
